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LOFAR, the Low Frequency Radio Array, is a new pan-European radio telescope that is almost fully operational. One
of its main drivers is to make deep images of the low frequency radio sky. To be able to do this a number of challenges
need to be addressed. These include the high data rates, removal of radio frequency interference, calibration of the beams
and correcting for the corrupting inﬂuence of the ionosphere. One of the key science goals is to study merger shocks,
particle acceleration mechanisms and the structure of magnetic ﬁelds in nearby and distant merging clusters. Recent
studies with the GMRT and WSRT radio telescopes of the “Sausage” and the “Toothbrush” clusters have given a very
good demonstration of the power of radio observations to study merging clusters. Recently we discovered that both clusters
contain relic and halo sources, large diffuse regions of radio emission not associated with individual galaxies. The 2Mpc
northern relic in the Sausage cluster displays highly aligned magnetic ﬁelds and and exhibits a strong spectral index
gradient that is a consequence of cooling of the synchrotron emitting particles in the post-shock region. We have argued
that these observations provide strong evidence that shocks in merging clusters are capable of accelerating particles. For
the Toothbrush cluster we observe a puzzling linear relic that extends over 2 Mpc. The proposed scenario is that a triple-
merger can lead to such a structure. With LOFAR’s sensitivity it will not only be possible to trace much weaker shocks,
but also to study those shocks due to merging clusters up to redshifts of at least one.
c© 2013 WILEY-VCH Verlag GmbH&Co.KGaA, Weinheim
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1 Introduction
LOFAR, the Low Frequency Array, is a next-generation
radio telescope. Its novel design with 40 antenna stations
spread over the northern parts of the Netherlands and 8 over
c© 2013 WILEY-VCH Verlag GmbH&Co.KGaA, Weinheim
334 H.J.A. Ro¨ttgering et al.: LOFAR observations of clusters of galaxies
northern Europe will open up the radio sky for observations
at frequencies between 15 and 240 MHz (corresponding to
wavelengths of 20 to 1.2m). The resulting high sensitivity
and angular resolution, coupled with its large ﬁeld of view,
ﬂexible spectroscopic and high time resolution capabilities
will enable us for the ﬁrst time to deeply map the entire
northern sky at the lowest radio frequencies accessible from
the ground.
Galaxy clusters are unique laboratories to study some of
the most fundamental questions in astrophysics, related to
the formation and evolution of galaxies, the physics of par-
ticle acceleration, the growth of large-scale structure, and
cosmology. Using LOFAR’s unique diagnostic tools a co-
herent study of clusters of galaxies over the entire history
of the universe since the formation of the ﬁrst proto-clusters
will be carried out. Detailed observations of diffuse radio
emission from nearby clusters will delineate how cluster
merger shocks and AGN feedback shape the physical char-
acteristics of the thermal and non-thermal cluster gas. The
LOFAR surveys have the potential to detect thousands of
these systems up to redshifts z = 1–2, i.e. at the epoch when
the ﬁrst bound clusters appeared. Studies of the associated
shock waves produced by cluster mergers will constrain
models of the formation of galaxy clusters and and measure
their magnetic ﬁelds and relativistic particle content.
In this contribution we will ﬁrst discuss the status of the
LOFAR project. In particular, emphasis will be given to the
challenges that will be faced to be able to make deep, high
quality images of the low frequency sky. Very brieﬂy, some
preliminary LOFAR results are discussed. In the second part
of this contribution we we will present our recent results
on radio and X-ray observations on two spectacular radio
shocks of 2 Mpc in size in two clusters that we nicknamed
the “Sausage” and the “Toothbrush” cluster.
2 LOFAR
LOFAR’s revolutionary design makes use of phased array
technology. This replaces the traditional and expensive me-
chanical dishes with a combination of simple receivers and
modern computing equipment. LOFAR has two types of an-
tennas, one optimized for the 30–80 MHz range (see Fig. 1)
and one for the 115–200 MHz range. The antennas are
grouped together in stations the size of soccer ﬁelds. The
signals from the antennas are digitized and combined with
appropriate phase delays to form beams on the sky. Up to
244 beams can be formed simultaneously, making LOFAR
an extremely efﬁcient instrument to survey large areas of
the sky. The Dutch part of the array will be ﬁnished in 2013
and will comprise 40 stations distributed over an area with
a diameter of 100 km. In addition, the eight stations in a
number of European countries (Germany, UK, Sweden, and
France) are already operational. The data from the station
beams are transported to the software correlator in Gronin-
gen where the initial measurements, the (raw) visibilities are
made. These are discrete samples of the Fourier transform
Fig. 1 LOFAR low-band antennas optimised for the 30–80 MHz
frequency range.
of the part of the radio sky that is being observed. The next
step is the identiﬁcation and ﬂagging of man-made Radio
Frequency Interference (RFI) resulting, for example, from
radio and television stations. A major issue for low fre-
quency radio observations is that there are several celestial
radio sources so bright that they are always the dominant
contribution to the interferometric signal, even if they are
far away from the pointing centre. We have developed the
“demixing method” which enables efﬁcient and effective
subtraction of extremely bright sources located outside the
station beam (PhD van der Tol). An important advantage is
that after demixing it is possible to average the data in time
and frequency by a factor of typically up to 50. This has the
crucial implication that a data set from a typical observing
session is then less than 1 Tb and can hence be transferred
over the internet. The subsequent next steps are extremely
computer intensive and are described in the next sections.
2.1 Multidirectional calibration
In order to calibrate the visibilities, extensive use is made
of the Measurement Equation formalism developed by
Hamaker et al. (1996). The Measurement Equation provides
a complete model of a generic interferometer. Each of the
physical phenomena that transform or convert the electric
ﬁeld before the correlation performed by the correlator is
modelled by linear transformations. These phenomena in-
clude the complex gain variations for all the directions of
each of the antenna stations, and the impact on the polariza-
tion properties induced by the system and the ionosphere.
This elegant formalism enables us to (i) model the full po-
larization of the visibilities as a function of the true under-
lying electric ﬁeld correlation and (ii) to properly solve for
the time and spatially varying system parameters that need
to be calibrated. The collective implementation of the algo-
rithms form the BBS (BlackBoard Selfcal) system (Pandey
et al. 2009) .
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Fig. 2 Left: a 60 MHz LOFAR image of the rich cluster of galaxies A 2256 at z = 0.058 with a noise level of 10 mJy/beam and a
resolution 30 arcsec. Note that only 25 stations and 4 MHz out of 48 MHz of BW was used. Right: a 60–351 MHz spectral index map
from a combination of LOFAR and WSRT data, showing the ultra steep spectrum central radio halo and the ﬂatter spectrum relic shock
(van Weeren et al. 2012).
2.2 Ionospheric calibration
Calibration of interferometric observations at low radio fre-
quencies is very challenging. This is mainly due to iono-
spheric induced phase variations that vary with time, view-
ing direction and antenna location (Cohen & Ro¨ttgering
2009). In the context of the PhD thesis of Huib Intema
we have developed and implemented the ﬁrst sophisti-
cated ionospheric calibration method (SPAM; Intema et al.
2009). To model the ionosphere, we construct time varying
two-dimensional phase screens over the array. These phase
screens are described by Karhunen-Loe`ve functions taking
into account the power-law nature of the ionospheric ﬂuc-
tuation spectrum. This method is being implemented within
the standard reduction pipeline.
2.3 Wideﬁeld imaging and deconvolution
Conceptually, the ﬁnal step is a simple Fourier transform
of the visibilities to obtain radio maps of the radio sky. In
practice this step is extremely complicated and time con-
suming, particularly for the wide-ﬁeld imaging that LOFAR
will excel at. First, due to the large ﬁelds (and hence curva-
ture within the image plane), a pseudo-3-d instead of a 2-d
Fourier transform is needed on the already huge data sets.
Second, since the sampling in Fourier space is not ideal and
has – due to the maximum length baselines - sharp edges,
it is essential to deconvolve the data. In close collaboration
with Bhatnagar (NRAO), we have now adopted and modi-
ﬁed his A-projection scheme for use in the LOFAR pipeline
(Tasse et al. 2012). This uses convolution functions during
the gridding step to reconstruct an undistorted image.
2.4 Source ﬁnding and characterization
The Leiden postdocs Mohan and Rafferty have developed
PyBDSM, a software package that ﬁnds and measures the
characteristics of radio sources, taking the varying angular
resolution of the maps into account.
More detailed information on the reduction methods and
some early science results can be found in papers by Mc-
Kean et al. (2011), Mulcahy et al. (2011), Morganti et al.
(2011), Ro¨ttgering et al. (2011), Heald et al. (2011), Tasse
et al. (2012), van Weeren et al. (2012), Ferrari et al. (2012),
and de Gasperin et al. (2012).
Although the entire software chain is complex, far from
complete and not yet completely user-friendly, the ﬁrst re-
sults clearly show the capability of LOFAR in making high
quality astronomical observations.
At the moment the data reduction still needs develop-
ment. Fortunately no signiﬁcant limitations have been found
that should prevent observations attaining the theoretical
noise limit using 10 hour long data sets. LOFAR data on
the following clusters are being analysed: Virgo cluster (de
Gasperin et al., in prep.); MACS0717 (Bonafede et al., in
prep.), A 2255 (Pizzo et al. in prep.), A 1682 (Macario et
al., in prep.), Sausage clusters (Stroe et al., in prep.), and
A 2256 (van Weeren et al. 2012, see Fig. 1).
3 Relics and halos
Clusters of galaxies are large ensembles consisting of hun-
dreds of galaxies that are embedded in hot gas, and held to-
gether by gravity. They grow through a sequence of mergers
of smaller sub-clusters. These cluster collisions are the most
energetic events in the Universe after the Big Bang, releas-
ing energies of the order of 1062–1064 erg over timescales
of a few Gyr. Radio observations of galaxy clusters have re-
vealed the existence of large megaparsec-size, diffuse syn-
chrotron emitting sources. They are unrelated to the radio
galaxies commonly found in clusters. The observed syn-
chrotron radiation implies the existence of highly relativis-
tic particles (Lorentz factor ∼105) and cluster wide mag-
www.an-journal.org c© 2013 WILEY-VCH Verlag GmbH&Co.KGaA, Weinheim
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Fig. 3 Left: GMRT radio image at 610 MHz of the “Sausage” galaxy cluster CIZA J2242.8+5301 (redshift z = 0.1921). The image
has an rms noise of 23 μJy beam−1and a resolution of 4.8′′×3.9′′. Clearly visible to the north is the large 2 Mpc relic. Upper right: radio
spectral index map of the Sausage relic, determined using matched observations at 2.3, 1.7, 1.4, 1.2, and 0.61 GHz, ﬁtting a power-law
radio spectrum to the ﬂux density measurements. The relic displays a strong spectral index gradient ranging from α = −0.6 down to
α = −2.0 towards the center of the cluster due to cooling of the synchrotron emitting particles in the post-shock region. Lower right:
map of the the polarization electric ﬁeld vector obtained with the VLA at a frequency of 4.9 GHz. The vectors were corrected for the
effects of Faraday rotation using a Faraday depth of −140 radm−2 determined from WSRT observations at 1.2 to 1.8 GHz (from van
Weeren et al. 2010).
netic ﬁelds (∼μGauss). LOFAR is uniquely suited to probe
these synchrotron emitting regions and will address many
questions related to the large-scale magnetic ﬁelds and rel-
ativistic particles mixed with the thermal ICM. These ques-
tions include: What are the strengths and topologies of the
magnetic ﬁelds? How are the magnetic ﬁelds generated and
maintained? How do the merging clusters induce particle
acceleration?
Diffuse radio emission associated with clusters of galax-
ies has been classiﬁed into twomain groups: relics and halos
(e.g. Feretti et al. 2012).
Cluster relics are large elongated diffuse structures at
the periphery of clusters. Often they are highly polarised.
Cluster radio halos are located at the centres of clusters,
their diffuse morphologies following that of the X-ray emis-
sion. The fraction of clusters with a radio halo increases
with cluster mass with the fraction of clusters hosting ha-
los being 0.3 for the most massive systems (Cassano et al.
2011).
3.1 Sausage cluster
Recently we have discovered a spectacularly long and nar-
row relic with a size of 1.7 Mpc×50 kpc, located at a dis-
tance of ∼1.5 Mpc from the centre of the merging cluster
CIZA J2242.8+5301 at a redshift of z = 0.19 (van Weeren
et al. 2010; Stoe et al. 2012 in prep.; Fig. 3). The overall
morphology led us to nickname the cluster the “Sausage
cluster”. The relic displays a strong spectral index gradi-
ent and a highly ordered magnetic ﬁeld. The proposed sce-
nario is a massive merger shocks created outwards shocks.
At the front of the shock particles are accelerated to such
high energies that they start radiating synchrotron emission.
The spectral index at the front of the shock indicates that
the Mach number of the outgoing main shock is of order
of M = 4. In the downstream area the electrons lose en-
ergy due to synchrotron and inverse Compton interactions,
resulting in the observed strong spectral index gradient. The
observed high polarisation fraction of the emission indicates
that the shock has well-ordered magnetic ﬁeld lines (see
Fig. 3). From a further analysis of the radio properties, we
deduce that the magnetic ﬁeld strength is 5 μG.We have car-
ried out extensive numerical simulations of this cluster, cou-
pling hydrodynamic gas simulations with a method to pre-
dict radio emission from shocks (van Weeren et al. 2011).
On the basis of these simulations we have shown that a
consistent set of parameters describing the merging event
can be determined. These parameters include: mass ratio of
merging clusters (1:2), impact parameter (<500 kpc), ori-
entation (within 10 degrees on the plane of the sky), and
time since core passage (0.1 Gyr).
3.2 Toothbrush cluster
Recently we have discovered the cluster 1RXS J0603.3
+4214 (z = 0.225) and found that it hosts a large bright
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GMRT 150 MHz
Fig. 4 Left: the XMM-Newton 0.5–4 keV image of the Toothbrush cluster overlaid with the WSRT 1.4 GHz radio contours (right).
The GMRT 1.2 GHz image. Inserted is the GMRT 610–325 MHz spectral index map, showing that the relic displays a strong spectral
index gradient from α = −0.6 down to α = −2.0 towards the center of the cluster (from van Weeren et al. 2012).
1.9 Mpc radio relic, an elongated 2 Mpc radio halo, and
two fainter smaller radio relics (van Weeren et al. 2012, see
Fig. 4). The large radio relic has a spectacular linear mor-
phology and a clear spectral index gradient from the front of
the relic towards the back, in the direction towards the clus-
ter center. Parts of this relic are highly polarized with a po-
larization fraction of up to 60%. The XMM-Newton obser-
vations clearly show a violent cluster-cluster merging event
(Fig. 4). As double mergers naturally give rise to curved
traveling shock fronts, the linear morphology is puzzling. A
way to explain this morphology is to invoke a triple merger
event. Bru¨ggen et al. (2012) carried out hydrodynamical N-
body AMR simulations of a number of triple merger events.
A scenario that resulted in a 2 Mpc linear shock started with
two equal mass clusters with an an initial relative velocity
of 1500 km s−1 whose cores collide 1.3 Gyr after the start
of the simulation. Before core passage a less massive third
cluster grazes the southern cluster and loses some of its gas
and dark matter. As it then heads north, this third cluster
drives a second major shock into the ICM that merges with
the previous shock to form a fairly plane shock front. In
projection this shock front has a morphology similar to the
Toothbrush relic.
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